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 Texture intensity decreased due to

the uniform distribution of a phase
after EST.
 The average hardness of specimen
decreased but the ductility was
enhanced after EST.
 TEM results indicated that the a
phase was distributed uniformly after
EST with 0.03 s.
 After EST, more atom vacancies and
lattice distortion were formed near a/
b interfaces.
 Atom vacancies and lattice distortion
could reduce hardness and improve
ductility.
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a b s t r a c t
Effects of electroshock treatment (EST) on the microstructural evolution and mechanical properties of
near-b titanium alloy (Ti-55531) formed by directed energy deposition (DED) was studied in this work.
With the increase in EST time, the average hardness of specimen decreased from 426 HV to 316 HV, and
the fracture strain increased significantly, which was attributed to the uniform dispersion of a phase
along grain boundaries and inside the b grains. After EST, the texture intensity decreased in terms of
the orientation distribution function (ODF), which was ascribed to the redistribution of a phase.
Moreover, more atomic vacancies and lattice distortion were formed near the a/b interfaces, which were
verified by transmission electron microscopy (TEM) observation and ascribed to the migration of atoms
near the interface under EST. External loadings facilitated the dislocation motion and lattice distortions
near the interfaces, which resulted in the reduction in hardness and the improvement in ductility. The
above results indicated that EST can quickly alter the microstructure and mechanical properties of
DED titanium alloys as a simple and energy-saving method.
Ó 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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electro-pulse on TiAl alloy, and the yield stress increased and the
strain hardening appeared under the influence of stacking fault
energy, twinning energy and antiphase boundary energy by the
electrical pulse. The electrical pulse treatment was applied on
Cu-Zn alloys, and the reduction of thermodynamic hindrance
would cause solid-state phase transformation [34]. After electric
pulse treatment on 316L stainless steel, Lu et al. [35] found that
the temperature could inhibit the formation of secondary phases
when the specimen was treated between 1161 and 1173 K; the
interface atom migration was promoted, and the austenite grain
size became larger compared with the specimen after heat
treatment.
Electroshock treatment (EST) is similar to electric pulse treatment [24,25], and it owns the greater advantages compared to
electrical pulse treatment, i.e. the higher current density, the continuous and stable pulse current, handling bulk specimens and
large components, as well as achieving the targeted processing
on local area. Xie et al. [24,36] applied EST on DED Ti-5Al-5Mo5 V-3Cr-1Zr (Ti-55531) alloy and found that small sub-grains were
formed in large columnar b grains, the spheroidization of a phase
occurred, and the texture distribution was homogenized. Besides,
the needle-like secondary a in Ti–6.5Al–3.5Mo–1.5Zr–0.3Si alloy
transformed into b phase after EST, which influenced the
microstructure and mechanical properties [25]. Song et al. [37] utilized EST to improve the formability of Ti-6Al-4 V sheet under
high-density pulse current. Wu et al. [38] found that the phase
structure of Ti-6.6Al-3.4Mo alloy was varied after EST, and the variation influenced the hardness. Above research indicated that EST
can modify the microstructure of titanium alloys through adjusting
the current and processing time, which shows the advantages
compared with traditional heat treatment, however, the influencing mechanism of EST on microstructure and mechanical properties are still unclear and needed to be explored deeply. Especially
the effect of EST on the mechanical properties and residual stress
of additive manufactured titanium alloys, which are still needed
to be illuminated in detail.
Meanwhile, the machining of titanium alloys is also very important to the properties, and the machinability of those are difficult
due to their low thermal conductivity and high hardness at elevated temperature [39]. Some works have been conducted in
detail. The mechanical and the thermal properties of Ti-6Al-4 V
were highlighted during machining, and the emphasis of application was placed to the aerospace, automotive and biomedical fields
[40]. The behavior of Ti-6Al-7Nb alloy during micro-cutting used
for biomedical applications were investigated, and the variation
of the spindle speed was significant for the cutting force, specific
energy and friction coefficient [41]. Moreover, a combined technique using orthogonal array and analysis of variance was
employed to investigate the influence of cutting speed and feed
rate on different aerospace grade titanium alloys, and the feed rate
was the most influential factor which affected the cutting and feed
forces [42]. Besides, a collection of examples illustrating the resent
research advances in the machining of titanium alloys can be found
in the reference [43]. According above research, some solutions
were concluded to enhance machinability in titanium alloys, which
serve as a useful reference to researchers in aerospace, automotive
and biomedical fields.
Therefore, the advantages of EST can be applied on the postprocessing of DED Ti-55531 alloy in this work, and the microstructure variation are characterized and analyzed by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM),
and the mechanical properties are conducted and investigated.
Moreover, the relation among the EST parameters, the microstructure variation and the mechanical properties are established, and
the influence mechanisms of EST are discussed and illuminated
in detail. This work is expected to provide new ideas and methods

1. Introduction
Titanium alloys have been widely used in aviation, aerospace
and other fields due to their low density, high strength, strong corrosion resistance and specific strength, which can improve aviation
capabilities and increase service life while reducing weight [1–6].
However, it is difficult to control the dimensions when using traditional casting methods to form complex components because of
the characteristics of high anisotropy and small deformation range
[7]. The directed energy deposition (DED) technology can be
applied by using laser as a heat source to melt metal powder,
and gradually deposits upward to prepare precision titanium components [8]. Compared with forging, DED can increase the utilization rate of materials and reduce expenses. Moreover, it shows the
advantages of a simple process without additional moulds and a
short forming time [9–14].
As one kind of high strength and toughness titanium alloys,
near-b titanium alloys are suitable for manufacturing the large
load-bearing structures such as landing gear, aircraft frame, wing
spar, etc. [15]. Due to the existence of b-phase stabilizing elements,
it is different from the near-a and (a + b) titanium alloys in
microstructure and mechanical properties [16,17]. The microstructure and mechanical properties of specimens prepared by DED are
different from those by casting. Therefore, how to design a reasonable post-treatment process to optimize the microstructure of DED
near-b titanium alloy is a great significance to obtain excellent
mechanical properties and realize engineering applications.
Heat treatment is a common post-treatment technology in the
optimization of microstructure and mechanical properties of additive manufactured titanium alloys. Some researchers used a continuous process of heating, solid solution, water cooling and heat
preservation to optimize the microstructure of additive manufactured Ti-6Al-4 V and improve the mechanical properties [18,19].
Qiu et al. [20] used an in-situ deposition and laser annealing methods to re-solidify the phase in direct laser deposited Ti-5Al-5Mo5 V-3Cr (Ti-5553) alloy, and obtained a certain amount of a phase
without porosity. Liu et al. [21] applied heat treatment on the
direct laser deposited near-b titanium alloy Ti-5Al-5Mo-5 V-1Cr1Fe (Ti-55511) to form a herringbone Widmanstätten grain boundary (aLGB), which effectively inhibited crack propagation along
grain boundaries therefore enhanced its ductility. Kreitcberg et al.
[22] combined the laser powder bed fusion (LPBF) technology
and heat treatment to achieve the characteristics of superelasticity and shape memory of Ti-Zr-Nb alloy. Zhu et al. [23] studied the laser melting deposition of Ti–6.5Al–3.5Mo–1.5Zr–0.3Si
and found that the columnar crystals transform into equiaxed
grains during annealing, which could reduce tensile anisotropy.
Although heat treatment can optimize the microstructure of additive manufactured near-b titanium alloys, the treatment process is
specified to the whole component, and it is difficult to realize the
targeted treatment only on the local high strain regions and
micro/nano defects. The long processing time and the complicated
equipment of heat treatment restricted the application of that in
some practical and outdoor conditions, so it is necessary to propose
a suitable method to manipulate the microstructure of DED near-b
titanium alloys on the basis of low energy consumption, short processing time, and targeted treatment.
Electro pulse treatment demonstrates advantages with high
energy utilization efficiency and short processing time, and it has
been initially applied in the production of raw materials, processing and forming components [24–28]. Some experiments utilizing
electro pulse treatment were conducted on single crystals and
polycrystalline metals, and the plastic deformation and the fatigue
fracture of these metals were investigated systematically [29–31].
Yang et al. [32,33] applied electric fields and high current density
2

Materials & Design 212 (2021) 110286

H. Guo, P. Liu, X. Qin et al.

itored by Hall current sensor was 7800 mV and the current was 4.5
kA, respectively. The EST time and the corresponding specimen
number are shown in Table 1.

for the microstructure optimization and mechanical properties
modification of DED near-b titanium alloy.

2. Materials and methods
2.2. Mechanical performance and microstructure characterization
2.1. Specimen preparation and EST experiment
The specimens under different EST time were cut along the axial
direction, and the standard metallurgical grinding and polishing
were conducted. Different types of abrasive papers were used for
grinding, then using polishing solution mixed with OPS (a suspension of SiO2) and H2O2 (VOPS: VH2O2 = 3: 2) to polish surface and
ultrasonically cleaned with ethanol. The hardness test was carried
out on HUAYIN HV-1000A (China) microhardness tester, the distance between each two adjacent points was 0.5 mm, the loading
was set to 500 N, and the holding time was 5 s. In order to test
the hardness accurately, as shown in Fig. 1(c), 36 tests (6  6
matrix) in the top (T), middle (M), and bottom (B) regions were
performed respectively, and then the distribution of hardness
and the average value were obtained. The compression experiments were carried out on SANS-CMT5205 testing machine. The
compression rate was 0.05 mm/min, the maximum compression
displacement was set to 6 mm, and the loading directions of compression were shown in Fig. 1(c).
The X-ray diffraction (XRD) analysis was performed on PANalytical Empyrean diffractometer with Cu-Ka radiation (k = 1.54056 Å),

The DED Ti-55531 specimens were deposited on a substrate
with 20 mm thickness using Optomec LENS MR-7 (USA) equipment
via direct laser deposition. The diameter of Ti-55531 powder ranged 45–150 lm, which was atomized by plasma rotating electrode
process. The DED process was performed in an argon atmosphere
with an oxygen content less than 20 ppm. The process parameters
were performed as follows: the laser power of 300 W, the scanning
speed of 25 mm/s, the thickness of each layer on the Z axis of
0.25 mm, and the scanning pattern as shown in Fig. 1(a). The size
of deposited cube specimen was 10 mm  10 mm  10 mm, as
shown in Fig. 1(b). The cubic specimen was processed into four
cylindrical specimens with a diameter of 4.5 mm and a height of
10 mm by wire cutting for EST. Before treatment, the oxide layer
on the cylindrical surface were removed by abrasive papers, and
the top and bottom surfaces were ground and polished to make
the full contact between specimens and electrodes. The specimens
were placed between the two electrodes during EST, and the schematic of EST was shown in the reference [24,25]. The voltage mon-

(a) C

DC

DC

D

B

AB

AB

A

(c)
H = 10 mm

(b)
EST

Load direction
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(d)
SEM
Ion beam
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Mechanical polishing

Characterization area
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Fig. 1. (a) Deposition tracks during deposition of cube specimen, (b) and (c) schematic diagram of specimens, hardness and compression test, (d) characterization areas for
XRD, SEM, EBSD and TEM analysis.
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ually decreases but that of b phase increases; especially in EST4,
there is no diffraction peaks of a and x phases which can be
observed. It can be deduced that the phase transition from a and
x phases to b phase occurs in EST4, which have been verified in
our previous work [24,25], meanwhile, the passivation and
spheroidization of a phase are formed with the extension of EST
time. The variation of microstructure will influence the mechanical
properties.
The grain orientations in the middle region of specimens (as
indicated by ‘‘M” in Fig. 1) before and after EST are shown in
Fig. 3(a)-(b). It could be found that a small amount of a phase is
precipitated in the columnar b grains, and the elongated b grains
penetrate the cladding layer and grow along the deposition direction (in Fig. 3(a) and (b)). After EST, the grain orientation alters
slightly, but the distribution of a and b phases have been changed
and shown in Fig. 3(c) and (d). The blue area indicates the b phase
and the red area shows the a phase. After EST, the a phases are distributed uniformly according to the distribution of red area, which
is ascribed to the precipitation of small a under EST and the release
of strain storage energy during DED in the local energyconcentrated area. Therefore, the recovery and recrystallization
are induced, and the distribution of a phase is adjusted based on
the energy [24]. According to the EBSD results, the volume content
of a phase is reduced a little from 8.9% to 8.1%. Correspondingly,
the tiny increase of b phase and the even distribution of a phase
could improve the ductility [21].
The orientations of a and b phase at the trigeminal grain boundary are shown in Fig. 3(a1) and (b1), where the red area indicates
the a phase and the blue area represents b phase. The fine a phases
in EST0 are distributed at the grain boundaries, and inside of each
grain in the deposited layer, the fine a phases are unevenly distributed in the b grains. Moreover, there is few a phase in some
b grains, which is caused by the rapid cooling of specimens after
DED. After EST of 0.03 s, as shown in Fig. 3(b1), the distribution
of a phase in EST3 becomes more uniform. The a phases are distributed not only along the b grain boundaries but also within
the b grains. This is due to the thermal and athermal effect of

Table 1
Specimens’ number for different EST time.
EST time (s)

Specimen number

0
0.02
0.03
0.04

EST0
EST2
EST3
EST4

and the scanning range of diffraction angle 2h was 30-90°, and the
scanning speed was 3°/min. Electron backscatter diffraction (EBSD)
was utilized to analyze the grain orientation and texture distribution, an alcohol solution containing 5% perchloric acid as the electrolyte was prepared for electrolytic polishing to eliminate the
mechanical stress. SEM (Zeiss, Germany) was used to characterize
the grain orientation in the M of EST0 and EST3 via EBSD model.
The collected EBSD data were processed and analyzed using the
HKL Channel 5 software (Oxford Instruments), and the grain orientation and texture before and after EST were analyzed in detail. The
specimens for TEM characterization were prepared by grinding and
plasma thinning, and the observation area was chosen in the M.
The microstructure and elemental distribution were characterized
and analyzed by TEM using Talos F200S (FEI, USA), and the related
parameters were shown as: the acceleration voltage of electron
gun of 200 kV, the minimum spot beam size of 0.3 nm, the spot resolution of 0.25 nm, and the information resolution of 0.12 nm. The
characterization areas and schematic for XRD, SEM, EBSD and TEM
analysis were shown in Fig. 1(d).
3. Results and discussion
3.1. Phase structure
The phase compositions of specimens were characterized by
XRD, which is shown in Fig. 2. Before EST, the specimen of EST0
contains a and b phases mainly, and a little x phase [44]. With
the increase in EST time, the diffraction intensity of a phase grad-
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ω
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Fig. 2. XRD pattern of specimens before and after EST.
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Fig. 3. Grain orientation of (a)-(a1) EST0 and (b)-(b1) EST3, and the phase distribution of (c)-(c1) EST0 and (d)-(d1) EST3. The blue area indicates b phase and the red area
shows a phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

EST, which promotes the precipitation of a inside the b grains. The
uniform distribution of a phase is beneficial to the mechanical
properties, which will be discussed in the following section.
The orientation distribution functions (ODFs) in the middle area
(M area) of specimens before and after EST are shown in Fig. 4.
Based on the orientation map at representative Euler angles of
u2 = 0° and 45° in cubic system (in Fig. 4(a) and (b)), the texture
intensity of b phase in [0 0 1] h1 1 0i direction is decreased and
the texture direction is changed to [0 0 1] h1 0 0i, which is probably
caused by the local phase transition of a to b on a tips because of
the spheroidization of a phase [24,36]. The ODFs of a phase are
shown in Fig. 4(c) and (d). Comparing the orientation maps at
representative Euler angles of u2 = 0° and 30° before and after
EST, the maximum texture intensity of a appears in [11–20] less
than 10–10 > direction before EST, and its intensity decreases

obvious after EST. This verifies the uniform distribution of a after
EST. The ODF analyses are consistent with the results shown in
Fig. 3.
3.2. Mechanical properties
The hardness at different positions of specimens are shown in
Fig. 5(a). The average hardness from EST0 to EST4 are 426 ± 20,
381 ± 26, 345 ± 27, and 316 ± 18 HV, respectively, which indicates
a downward trend with increasing the EST time. During DED, some
a phase are precipitated at the trigeminal grain boundaries and
arranged in a chain structure. After EST, the radius of curvature
of a phase was increased and spheroidized due to the thermal
and athermal effects of current [24,36]. The spheroidization and
re-distribution of a phase results in the variation in hardness.
5
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The average hardness in the M of EST0 is greater than that of T and
B positions, which may be ascribed to the uneven distribution of a
phase at different positions. The tiny increase of b phase content

after EST could result in a slight decrease in hardness. Besides,
the appearance of some defects in the B position is the potential
factor of hardness decreasing [36]. Therefore, the M of specimen

1

(a)
[001] <110>

[001] <110>

0o 5o 10o 15o 20o
25o 30o 35o 40o 45o
2

50o 55o 60o 65o 70o
70o 75o 80o 85o 90o

1

(b)

[001] <110>

[001] <100>

[001] <110>
[001] <100>

0o 5o 10o 15o 20o
25o 30o 35o 40o 45o
2

50o 55o 60o 65o 70o
70o 75o 80o 85o 90o

Fig. 4. ODFs in the ‘‘M” of specimens: (a) b phase in EST0, (b) b phase in EST3, (c) a phase in EST0, and (d) a phase in EST3.
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1

(c)
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[11-20] <10-10>

0o 5o 10o 15o 20o
o 30o 35o 40o 45o

2 25

50o 55o 60o

1

(d)

[11-20] <10-10>

[11-20] <10-10>

0o 5o 10o 15o 20o
2 25

o 30o 35o 40o 45o

50o 55o 60o
Fig. 4 (continued)

3.3. Microstructure analysis via TEM

shows the highest hardness. The compressive stress–strain curves
of specimens are shown in Fig. 5(b). The compressive strength of
specimen decreases slightly (from 901 to 799 MPa), but the fracture strain is gradually improved from 26% to 52% as increasing
the EST time. The volume content of a phase is reduced from
8.9% to 8.1% and that of b phase increases, what promote the
improvement of ductility; moreover, the even distribution of a
phase may contribute to the ductility. These phenomena are
related to the passivation and spheroidization of a tips and the
increase in b content [24,36]. According to above results, EST can
adjust the strength and ductility of DED titanium alloy via modifying the distribution of a phases.

In order to reveal the relationship between mechanical properties and microstructure, TEM analyses were performed on EST0
and EST3 as two representative specimens, and the bright field
images of a and b are shown in Fig. 6. In Fig. 6(a), the white a phase
and the gray b phase are clearly observed, and the average thickness of a phase is about 140 nm. The a phases are partially precipitated and dispersed, which are generated during the cooling
process after DED. Besides, a small amount of dislocations in b
phase are observed in Fig. 6(a2). After EST with 0.03 s, the a phases
are uniformly distributed (Fig. 6(b1)), and the average thickness of
7
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a phase is reduced to 37 nm (Fig. 6(b2)). Moreover, the thin
needle-like a phases are intertwined with each other to form a network structure, and the interlaced boundaries between a and b
become significantly (Fig. 6(b2)). The number of dislocations inside
the b phase is obviously increased, which would weaken the
boundary strength and cause the decrease of hardness.
In order to investigate the distribution of a and b further after
EST, Fig. 7 shows the element distribution of these two phases in
these two representative specimens. In Ti-55531 alloy, Al is an element for a stabilization, V, Mo and Cr are elements for b stabilization, and Zr is a neutral element. Before EST, the distribution of Al,
V, Mo and Cr are very evident, and the interfaces between a and b
phases are clearly observed (in Fig. 7(a)). After EST of 0.03 s, as
shown in Fig. 7(b), the element distribution of V and Cr are apparent, but the elements distribution of Mo and Al are evenly distributed, and the interfaces between a and b phases became
blurred comparing to EST0. The phenomena indicate that the atom
migration between a and b phases during EST process, especially in
the acicular a tips after EST with 0.03 s [45]. Fig. 7(c) indicates the
element distribution in the deformation area. The element distribution is not prominent except Cr, and the interfaces between a
and b phases are more obscure. In this area, the atom migration
between a and b is significant under deformation, which may be
caused by the thermal stress during EST [45].
Figs. 8 and 9 show the high-resolution TEM (HRTEM) images of
a/b boundaries in EST0 and EST3 as two representative specimens.
The selected areas of a and b interfaces in EST0 are show in Fig. 8
(a) and (b), the coherent a/b interface can be found in the trigeminal grain boundary in Fig. 8 (c) and (c1). Meanwhile, the distorted
a/b interface and the defects are shown in Fig. 8(d) and (d1), which
is caused by the thermal stress during the cooling process of DED
because the materials are stacked layer by layer [24]. There are
defects at the edge and inside of interfaces in EST0, while the
atoms distribution on two sides of the interface area are regularly
arranged (Fig. 8 (e) and (e1)), which is caused by the precipitation
of a phase along the b grain boundaries. Fig. 8(f) and (f1) indicate
the distortion of trigeminal grain boundary and several defects are
formed along the interface. The defects are introduced by the short
interaction time between laser and metal powders and the fast
heating and cooling of materials during laser - based DED [46,47].

Fig. 5. (a) The hardness of different specimens in different positions; (b) compressive true stress–strain curves of specimens.

(a1)

(a)

(a2)

(a2)

(a1)

1

Dislocations

(b)

(b2)

(b1)
(b2)

(b1)

Network
structure

1

Dislocations

Fig. 6. Bright field TEM images in the M of two representative specimens: (a) - (a2) for EST0; (b) - (b2) for EST3.
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Fig. 7. Element distribution of a and b phases before and after EST: (a) EST0; (b) EST3; (c) deformation area in EST3.

After EST of 0.03 s, the HRTEM images of a/b interface in EST3
are indicated in Fig. 9. More atom vacancies are formed near the
a/b interface, and the lattice distortion is introduced near the interface comparing to EST0 (shown in Fig. 9(c1) and (d1)), which may
be caused by the atom migration under EST, both the residual
strain energy after DED and the energy of EST could contribute
the migration of atoms near the interface [45]. The HRTEM of
trigeminal interfaces are shown in Fig. 9(e1) and (f1), and more
atomic vacancies and lattice distortion near the interface can be
found comparing to EST0, which may be related to the precipitation of a phase in b grains, and the atoms migration of a tips during
the phase transition [45]. The dislocations near a/b interfaces are
easy to slip and the lattice distortions near a/b interfaces are easy
to deform under external loading, which can reduce the hardness
and promote the enhancement of ductility. These HRTEM results

further verify the variation of mechanical properties after EST,
and prove the effects of EST on ductility.
In general, on the one hand, the analysis results of the TEM structure show that, after EST, the diffusion of interface elements and the
introduction of many defects in two representative specimens
(Figs. 8 and 9), resulting in a local phase transition of a-b. This makes
the content of a phase slightly decrease and evenly distribute, and
the content of b phase slightly increases. These conclusions can be
obtained from the analysis of EBSD (Fig. 3), and the change of phase
content can be verified and analyzed from the XRD diagram (Fig. 2).
On the other hand, due to the above microstructure changes, the
hardness decreases and the compression fracture plasticity
increases after EST (Fig. 5). At the same time, the texture distribution
has also changed significantly. After EST, the a phase texture is uniformly distributed and the intensity is reduced, while the texture
9
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Fig. 8. High-resolution TEM (HRTEM) images of a/b interfaces in EST0: (a) and (b) the selected areas of a and b interfaces; (c) and (c1) the coherent a/b interface in the
trigeminal grain boundary; (d) and (d1) the distorted a/b interface and the defects; (e) and (e1) defects at the edge and inside of interfaces; (f) and (f1) the distortion of
trigeminal grain boundary and defects along the interface.
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direction of b phase is changed (Fig. 4), which has a greater relationship with the local microscopic deformation caused by EST (Fig. 7).
The above results and discussion on microstructure, texture and
mechanical properties indicate that EST can quickly modify the
microstructure and mechanical properties of DED titanium alloys
as a simple and energy-saving method. It can provide new ideas
and methods for the microstructure optimization and mechanical
properties modification of DED near-b titanium alloy.
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4. Conclusions
The microstructure and mechanical properties of DED Ti-55531
alloy before and after EST were investigated, and some important
results were obtained.
(1) After EST, the texture intensity decreased based on ODF
results, which were ascribed to the uniform distribution of
a phase. The a phase was precipitated and dispersed along
the b grain boundaries and inside b grains, and the volume
content of a phase reduced from 8.9% to 8.1% while that of
b phase increased slightly after EST.
(2) The average hardness of specimen decreased from 426 HV to
316 HV after EST, the compressive strength had no significant change, but the ductility was apparently enhanced.
The above results were related to the passivation and
spheroidization of a phase with the increase of EST time.
(3) TEM results indicated that after EST with 0.03 s, the a phase
was uniformly distributed and the thickness of a phase
reduced from 140 nm (EST0) to 37 nm (EST3). The number
of dislocations inside the b phase was increased, which
would weaken the boundary strength and resulted in the
decrease of hardness.
(4) After EST of 0.03 s, more atom vacancies and lattice distortion were formed near the a/b interfaces comparing to
EST0, both the residual strain energy after DED and the
energy of EST could contribute to the migration of atoms
near the interfaces during EST. The dislocations near interfaces were easy to slip and the lattice distortions tended to
deform under external loading, which could reduce the
hardness and enhance the ductility.
(5) All results verified the influence of microstructure variation
on the mechanical properties after EST, and proved the
effects of EST on ductility. These results indicated that the
EST could modify the microstructure and mechanical properties in a very short time as a simple, energy-saving
method.
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